We tested the effects of 6-hydroxydopamine (6-OHDA) on two forms of visual deprivationmonocular and directional deprivation. In normal kittens monocular deprivation leads to a change in the ocular dominance histogram recorded from the visual cortex, and directional deprivation leads to a change in the percentage of directionally sensitive cells responding to the appropriate direction of movement. 6-OHDA was infused into the occipital cortex prior to the peak of the critical period for the effects of visual deprivation. In agreement with the results of Kasamatsu et al.
shift in ocular dominance (Wiesel and Hubel, 1963; Hubel and Wiesel, 1970 ; for recent summaries see Movshon and van Sluyters, 1981; Sherman and Spear, 1982) .
If the eye is sutured a few days after 6-OHDA is infused into the ventricles, the shift in ocular dominance does not occur Pettigrew, 1976, 1979) . Similarly, if 6-OHDA is infused locally into the cortex, this also prevents the shift in ocular dominance . The prime action of 6-OHDA is to act as a neurotoxin on catecholamine neurons (Bloom et al., 1969; Uretsky and Iversen, 1970; Ungerstedt, 1971 ; for review see Jonsson, 1980) . In agreement with this, an ocular dominance shift to the open eye does occur if norepinephrine (NE) is infused into cortex previously depleted by 6-OHDA (Pettigrew and Kasamatsu, 1978; . The ocular dominance shift can be reversed within the critical period by reopening the sutured eye. This shift can also be suppressed by 6-OHDA and accelerated by NE (Kasamatsu et al., 1981b) .
Another type of visual deprivation is to rear kittens in an environment that continually moves in one direction. The majority of directionally sensitive cells recorded in the visual cortex of these kittens prefer movement in the direction that the environment moved during rearing: a 907 908 Daw et al. Vol. 3, No. 5, May 1983 minority prefer movement in the opposite direction (Cynader et al., 1975; Tretter et al., 1975; Daw and Wyatt, 1976) . This form of visual deprivation differs from monocular deprivation in at least two respects. First, the critical period ends somewhat earlier (Daw and Wyatt, 1976; Berman and Daw, 1977; Daw et al., 1978) . Second, the synapses involved are almost certainly different: binocularity in the visual cortex involves the convergence of inputs from different layers of the lateral geniculate with excitatory connections, whereas direction selectivity involves intracortical lateral inhibitory GABA connections which can be abolished briefly by iontophoresis of the GABA antagonist bicuculline (Sillito, 1977) . Because NEcontaining terminals are located throughout the kitten occipital cortex (Itakura et al., 1981) , one might speculate that the effect of 6-OHDA is general and should apply to other types of visual deprivation. Directional deprivation is, therefore, a particularly good test of the generality of the effect of 6-OHDA on plasticity in the kitten visual cortex.
Materials and Methods
The kittens were kept with their mother until weaning. Shortly after eye opening they were put in the dark to avoid exposure to unwanted stimuli. Feeding and cleaning were carried out in the dark.
Administration of 6-OHDA. At approximately 3% weeks of age an infusion cannula was implanted in the kitten's occipital cortex under halothane anesthesia. A small hole was made in the bone over the left occipital cortex at approximately P5, Ll-2 and a short beveled 26-gauge hypodermic needle was inserted . The bevel faced anteriorly, and the tip was placed 1 to 2 mm below the surface of the cortex. The needle shank was cemented to the skull with acrylic dental cement, and its other end was attached to a short length of vinyl tubing which led to an osmotic minipump (Alza Corp., Model 2001) . The minipump contained 1 mg/ml of 6-OHDA (Sigma) dissolved in sterile normal saline containing 0.4% ascorbate. It was placed subcutaneously at the neck and delivered its contents (170 ~1) at a rate of 1 $/hr over a period of about 1 week, after which infusion was terminated.
This procedure has been shown to produce a chemical lesion of catecholamine-containing neurons in the cortex for a radius of at least 5 mm around the tip of the needle (Kasamatsu et al., , 1981a . Some kittens had a pump implanted containing only ascorbate in saline for control purposes.
Visual deprivation. We allowed about 2 days, with the kittens in the dark, for the 6-OHDA to be taken up and affect catecholamine neurons, then we commenced the visual deprivation procedures. For monocular deprivation the eyelids of one eye were sutured shut under halothane anesthesia (Wiesel and Hubel, 1963; Berman and Daw, 1977) . The kittens were then brought into the light for about 7 hr/day over the next week, for a total exposure of approximately 50 hr. For directional deprivation, each kitten was placed inside a drum with vertical stripes on the inside wall (Daw and Wyatt, 1976; Berman and Daw, 1977) . The drum rotated around the kitten at approximately 30"/ sec. A transparent cylinder inside the drum kept the kitten at least 12 cm away from the wall of the drum. A black plastic collar prevented the kitten from seeing its own limbs, and black plastic discs prevented it from seeing out of the drum upward or downward.
The kitten was exposed to stripes moving only in one direction for a total of approximately 50 hr over 7 to 10 days and otherwise kept in the dark. In order to achieve symmetry in the results, half the animals were left deprived and half right deprived. That is, half the monocularly deprived kittens had the left eye sutured and half had the right eye sutured.
For the directionally deprived kittens, half were exposed to a drum moving to the left and half to a drum moving to the right.
Recording procedures.
Kittens were recorded from as soon as possible after exposure to the appropriate stimulus (see Tables II and III) . Recording procedures were conventional and have been described (Daw and Wyatt, 1976; Berman and Daw, 1977; Daw and Ariel, 1980) . Each unit was characterized according to its type (simple or complex), direction selectivity, ocular dominance, orientation selectivity, velocity specificity, length and width specificity, spontaneous activity, and position in the field of view. For monocularly deprived animals, particular attention was paid to the ocular dominance, and each cell was placed into one of seven ocular dominance groups, as defined by Hubel and Wiesel (1959) . For directionally deprived animals, particular attention was paid to the direction sensitivity.
Cells with direction sensitivity were put into one of two categories-unidirectional or bidirectional.
Some cells were obviously unidirectional, that is, they responded to movement in one direction and gave little or no response to movement in the opposite direction. Some cells were obviously bidirectional, that is, they responded to movement almost equally well in two directions opposite to each other and gave little or no response to movement in directions perpendicular to this axis. Where the distinction between unidirectional and bidirectional was ambiguous, a poststimulus time histogram was compiled for a stimulus of the preferred length, width, and velocity moving along the preferred axis (Daw and Ariel, 1980) . The number of spikes fired for movement in the preferred direction was compared to the number of spikes fired for movement in the direction opposite to this, and a criterion of 2:l was adopted to distinguish unidirectional cells from bidirectional cells. If this test was ambiguous, or if this test classified the cell as unidirectional at some velocities and bidirectional at others, the cell was counted as half unidirectional and half bidirectional. Histological procedures.
Each kitten was perfused with buffered formalin at the end of the recordings and its visual cortex sectioned and stained with cresyl violet for Nissl substance.
The electrode tracks were reconstructed from lesions (4 PA for 10 set) that were made periodically during the recordings. Sections were cut in the frontal plane to facilitate this reconstruction.
The position of the tip of the needle was usually obvious, and the sections were examined for evidence of damage around this area. The distance of each electrode track from the needle was calculated.
Penetrations which passed through damaged areas and penetrations more than 5 mm from the tip of the needle were excluded from the results. The position of each cell in relation to the The Journal of Neuroscience Effects of 6-OHDA on Visual Deprivation 909 layers of the cortex was also estimated, using the layering system of Kelly and van Essen (1974) . Calculation of weig?ited ocular dominance. In order to evaluate statistically the data collected from monocularly deprived animals, we calculated a weighted ocular dominance shift (Kasamatsu et al., 1981b) 
Results
Effect of 6-OHDA on specificity of cells in the visual cortex Does 6-OHDA affect the specificity of cells in the cortex, suggesting that it produces a general disruption of cortical activity? To answer this question, we divided our kittens into four groups: (1) those treated with 6-OHDA and given eye suture (monocular deprivation); (2) those given eye suture but not treated with 6-OHDA, (3) those treated with 6-OHDA and reared with stripes continually moving around them (directional deprivation); and (4) those reared with stripes continually moving around them but not treated with 6-OHDA.
Recordings from kittens in group 1 were compared with those in group 2, and group 3 was compared with group 4.
Each cell was classified as being unidirectional, bidirectional, omnidirectional, or hard to drive (see "Materials and Methods;" also Berman and Daw, 1977; Daw and Ariel, 1980) . Cells with directional selectivity (unidirectional or bidirectional) are usually considered as having specific receptive field properties, and cells that respond to movement in all directions (omnidirectional) and cells that are hard to drive are not very common in normal animals and are usually considered to be nonspecific (cells identified as lateral geniculate afferents by their rate of tiring or spike shape are excluded from the analysis). Table I shows the number of cells of each type recorded in each group of animals, together with the number of kittens in each group. The percentage of cells of each type is given in parentheses.
A x2 test comparing the distribution of cells in group 1 with those in group 2
shows that there is no significant difference (n = 3, x2 = 4.85; p =: 0.19); a x2 test comparing the distribution of cells in group 3 with those in group 4 shows that there is a difference which is statistically significant (n = 3; x2 = 8.2; p =: 0.04); however, because removal of one animal (6A) from the results makes the difference not statistically significant (x2 = 3.45; p =: 0.34), it is probably not biologically or experimentally significant. The percentage of cells in the omnidirectional category is high in all four groups, but this can be attributed to the rearing procedures, rather than to the effects of 6-OHDA (see "Discussion").
Although in the monocularly deprived groups, there were more omnidirectional cells when 6-OHDA was used than when it was not, in the directionally deprived groups the reverse was true. Therefore, it seems clear that administration of 6-OHDA did not result in a general reduction in specificity of the cortex.
Monocularly deprived animals. We next assessed the effect of local perfusion of 6-OHDA on ocular dominance shifts in monocularly deprived animals in a manner similar to that of Kasamatsu et al. ( , 1981 (some minor differences in procedure are noted in the "Discussion"). This was necessary to see if these rather difficult procedures would work in our laboratory, as well as to provide an independent confirmation of their results. Seven kittens from four litters were used (number refers to litter number and letter to kitten within a litter). A summary of the age at pump insertion, the eye sutured, the period and duration of exposure to light, the age at recording, the cortex recorded, and treatment is given in Table II . Two kittens (19A and 19D) had only one eye exposed for 47 hr at the peak of the critical period. Their (Fig. IA) . Two kittens (12D and 12E) had one eye exposed for approximately the same duration, with a cannula in the visual cortex, connected to a minipump containing only 0.4% ascorbate in saline. The ocular dominance histogram for these two kittens was very similar to that for the first two (Fig. 1B) . In both cases the ocular dominance shift was incomplete, but this can be attributed to the comparatively short period of monocular deprivation. Figure 1C shows the results for three monocularly reared kittens (lOC, 12A, 23B) with 6-OHDA in the minipump. The ocular dominance histogram for these animals was much flatter, with a much higher percentage of cells dominated by the closed eye (47% compared to 22% in the control groups, excluding group 4 cells in both cases). A weighted ocular dominance shift (see "Materials and Methods") was calculated for each animal (see Table II ) and for the four control animals as a group (shift 0.72, based on 86 cells) and for the three 6-OHDA animals as a group (shift 0.53, based on 93 cells). These two proportions are significantly different from each other (p =: 0.01). These results, therefore, confirm the finding that infusion of 6-OHDA reduces ocular dominance shifts in monocularly reared kittens.
However, the properties of cells dominated by the open eye were not the same as the properties of those dominated by the closed eye (see Fig. 1 ). Of 44 cells dominated by the open eye, 41 had specific receptive field properties (unidirectional or bidirectional) and three had nonspecific receptive field properties (omnidirectional). Of 39 cells dominated by the closed eye, 21 had specific receptive field properties and 18 were nonspecific. These are significantly different proportions (n = 1; x2 = 16.9; p -C 0.001). We conclude that the reduction in specificity that occurs for cells driven by a closed eye, as compared to cells driven by an open eye, is not prevented by 6-OHDA.
Directionally deprived animals. Sixteen kittens from seven litters were reared with exposure to a drum contin- ually moving in one direction (see Table III For the purposes of calculating this fraction, cells with preferred directions on the boundary line (30" away from the vertical) were counted as having a preferred direction half vertical and half left or right. The number of cells used to calculate this fraction for each animal is given in Table IV . Six kittens were reared as a first set of controls. Four of them were not perfused with 6-OHDA, and two received it in the opposite cortex. The fractions calculated for these animals varied from 0.64 to 0.80, with a fraction of 0.68 for the whole sample (Table IV) . Thus, as a result of the rearing procedure, there were about twice as many cells preferring movement in the direction of the drum as cells preferring movement in the opposite direction, or a bias of approximately 2:l.
Four kittens were reared with a cannula implanted in the cortex containing control solutions in the attached minipump. In three cases (Table III) the control solution was 0.4% ascorbate in saline, and in one case it was saline. The fractions calculated for these animals varied from 0.60 to 0.69 with a fraction of 0.64 for the whole sample (Table IV) . Thus, the infusion of the vehicle solution without 6-OHDA did not make a significant change in the bias of approximately 2:l produced by the rearing procedure (n = 1; x2 = 0.25; p =: 0.6).
Six kittens were reared with infusion of 6-OHDA from a minipump into the cortex (Table III) . The fractions for these animals ranged from 0.33 to 0.57, with a fraction of 0.43 for the whole sample (Table IV) . This directional bias is not significantly different from that expected and observed in normal animals, which is 0.5 (n = 1; x2 = 0.93; p z 0.32). However, it is significantly different from the sample of 10 directionally deprived control kittens (n = 1; x2 = 10.8;~ =: 0.001). Infusion of 6-OHDA did not make a noticeable difference to the ocular dominance histogram, the percentages of unidirectional, bidirectional, and omnidirectional cells (Table I) , or the percentages of simple versus complex cells. Thus we conclude that infusion of 6-OHDA led to the disappearance of the direction selectivity bias which is usually seen in directionally deprived animals, without changing other properties of the cells recorded.
Histology. We reconstructed the entire area of the electrode penetrations and the cannula in serial sections. Figure 3 shows sections through the damage created by the cannula and 6-OHDA in two animals and sections containing lesions from the electrode tracks in the same animals. In some cases the damage from the cannula was slight, as in Figure 3A . In some cases the damage was extensive, as in Figure 3C , particularly when the tip of the cannula reached into white matter. However, the tissue in the region of the electrode tracks appeared normal (Fig. 3, B and D) . Where there was damage to white matter, it was posterior to the electrode tracks. If the electrode track passed through a damaged area, the results from that penetration were excluded.
Discussion
The first result in this paper confirms the work of showing that continuous infusion of 6-OHDA into the visual cortex reduces the shift in There were some minor procedural differences between the two laboratories.
Our kittens were kept in the dark and exposed to the light for a comparatively short period of time, because they were usually littermates of other kittens which were being exposed to a rotating drum with vertical stripes during the same period of time. In all cases we infused 6-OHDA directly into the cortex with a minipump; the initial experiments of Pettigrew (1976,1979) were done with intraventricular injections of 6-OHDA, and minipumps were used in their later experiments, including those on the recovery from the effects of monocular deprivation (Kasamatsu et al., , 1981b ). Kasamatsu and Pettigrew generally sutured the eyelids shut in their kittens on the same day that they implanted the cannula in the cortex. In contrast,
we allowed a few days for the 6-OHDA to take effect before doing the eye suture. It is also worth noting that the experiments were difficult, and that almost half the kittens that we started to rear could not be included in the results for technical reasons (the pump came loose, the kitten died, etc.). Nevertheless, the general conclusions on monocular deprivation from the two laboratories are the same. A point on which our results differ from those of Kasamatsu and Pettigrew is that we found that a substantial number of cells dominated by the closed eye in the 6-OHDA animals had nonspecific receptive field properties. This can probably be attributed to differences in the rearing procedures.
Because our animals were in the dark before the eye closure, the cortex in our animals never received a textured and contoured input through the sutured eye at any time in the animal's life. Kasamatsu and Pettigrew's animals did, before the eye suture. At the same time, this asymmetry in the receptive field properties from the two eyes shows that 6-OHDA did not make the cortex totally neutral to the effects of visual input. Indeed, the ocular dominance histogram, although flatter than the monocularly deprived controls, showed more monocular cells than normal animals usually do, so the ocular dominance shifts were not totally prevented in our animals either.
Our results with directional deprivation support the notion that 6-OHDA reduces effects that are specific to a particular deprivation. Rearing in a continually moving environment changes the properties of directionally selective cells without affecting other properties; suture of one eye changes ocular dominance without affecting other properties; what 6-OHDA does is reduce the directional changes in the first case and reduce the ocular dominance changes in the second case, again without affecting other properties.
There is no evidence in our data that 6-OHDA produces a general disruption of cortical activity. The percentage of omnidirectional cells was high in all animals, but not significantly higher in the 6-OHDA animals than the controls. Directionally deprived animals were kept in the dark until the minipump was implanted, and also after that except when sitting in the drum, so that they would not be exposed to contours moving in the wrong direction.
Monocularly deprived animals were usually littermates of these, so they were treated similarly. It is well known that rearing kittens in the dark, or with both eyes sutured, leads to an increase in the percentage of cells with nonspecific receptive field properties (Wiesel and Hubel, 1965; Pettigrew, 1974; Fregnac and Imbert, 1978; Mower et al., 1981 ; see also Movshon and van Sluyters, 1981; Sherman and Spear, 1982) . This almost certainly accounts for the high percentage of omnidirectional cells. One hypothesis which has been put forward for the action of 6-OHDA on monocularly deprived animals is that it leads to a general decrease of inhibition. A decrease of inhibition leads to an increase in the number of cells that can be driven by the deprived eye (Duffy et al., 1976; Kratz et al., 1976; Sillito et al., 1981) and also an increase in the number of cells that can be driven binocularly in normal animals (Sillito et al., 1981) . It is difficult to explain our results on directionally deprived animals by this hypothesis. Any such general mechanism would be expected to act on all unidirectional cells, and there is no reason to suppose that it might differentiate cells preferring rightward movement from those preferring leftward movement.
The mechanism of action of 6-OHDA is that it is taken up preferentially by catecholamine terminals, where formation of free radicals, quinones, or other substances has toxic effects (for review, see Jonsson, 1980) . There may also be damage to other cells, presumably from the formation of these same substances. The damage to other cells is of particular concern when the 6-OHDA is administered into the ventricles or directly into the cortex. Our histology did not show general damage to the cortex in the area of the electrode penetrations, just as the physiology did not show a reduction in specificity of the receptive fields of the cells recorded there. We cannot exclude the possibility that examination of the tissue by electron microscopy or use of some other staining technique might show damage or the possibility that 6-OHDA led to a general transient disruption of cortical activity, which was gone by the time that we made our recordings. We can say that the physiological and anatomical methods usually used for studying visually deprived animals did not show up any general damage. Kasamatsu and Pettigrew have suggested that 6-OHDA in these experiments is acting specifically on the noradrenaline (NA) system. This is an appealing hypothesis, because the NA system, which arises from the locus coeruleus, is a diffuse system (for reviews see Moore and Bloom, 1974; Amaral and Sinnamon, 1980) . It has also been implicated in some learning and attention processes (see Amaral and Sinnamon, 1980; McNaughton and Mason, 1980) . Our experiments do not provide evidence on the specificity of the results to the NA system. The best evidence is that, if NA is infused into a cortex previously depleted of 6-OHDA, ocular dominance shifts do occur after eye suture (Pettigrew and Kasamatsu, 1978; Kasamatsu, et al., , 1981b . Some doubt has been thrown on the hypothesis, because 6-OHDA administered at birth does not prevent ocular dominance shifts, even though NA in the cortex is substantially reduced (Bear and Daniels, 1983) . Although the NA concentration in cerebral cortex increases after birth in both cats and rhesus monkey (Himwich et al., 1967; Goldman-Rakic and Brown, 1982) , and the time course might bear some relationship to the critical period in striate cortex if it were measured specifically in that tissue, there are no Daw anatomical, physiological, or biochemical changes in the NA system known to coincide with the end of the critical period. Therefore, one has to say that the mechanism of action of 6-OHDA in these experiments is not conclusively proved. At the same time, our experiments show that it acts on more than one type of visual deprivation, probably involving more than one type of synapse, and that the effects are specific to the particular type of deprivation used.
